Abstract. Hirsutanol A is a novel sesquiterpene compound purified from the marine fungus Chondrostereum sp in the coral Sarcophyton tortuosum. Our previous studies had demonstrated that hirsutanol A exerted potent cytotoxic effect in many kinds of cancer cell lines. Here, the anticancer molecular mechanisms of hirsutanol A were investigated in breast cancer MCF-7 cells. The results showed that hirsutanol A could inhibit cell proliferation, elevate reactive oxygen species (ROS) level, and induce apoptosis and autophagy. Co-treatment with the potent antioxidant agent N-acetyl-L-cysteine could effectively reverse the effect of enhanced ROS production, which in turn, reduces growth inhibition, apoptosis, and autophagy mediated by hirsutanol A. In addition, blocking autophagy by bafilomycin A1 or Atg7-siRNA could synergistically enhance the antiproliferative effect and apoptosis induced by hirsutanol A. These data suggested that hirsutanol A could induce apoptosis and autophagy via accumulation of ROS and co-treatment with an autophagy inhibitor could sensitize MCF-7 cells to hirsutanol A.
Introduction
Reactive oxygen species (ROS), a collective term for oxygen-derived species including superoxide anion radical O 2 · − , hydrogen peroxide H 2 O 2 , hydroxyl radicals ·OH, and so on, are innitially considered as normal by-products of cellular metabolism (1, 2) . Emerging evidences confirm that most cancer cells are associated with increased metabolic activity and production of ROS under oxidative stress, which renders cancer cells more vulnerable to damage by futher ROS insults since it is more difficult to scavenge the increased ROS induced by exogenous agents in cancer cells than in normal cells (3) . Thus, an exogenous ROS inducer could selectively kill cancer cells by damaging the mitochondrial membrane and causing the activation of numerous pathways to trigger apoptosis (4) . Moreover, ROS can function as signaling molecules to modulate autophagy (5) .
Apoptosis (self-killing) is a highly regulated and organized cell death process controlling the development and homeostasis of multicellular organisms. It involves the demolition of cellular structures and organelles by the activation of catabolic enzymes including the decrease in cell volume, compaction of cytoplasmic organelles, condensation and fragmentation of nuclear chromatin, internucleosomal DNA cleavage, and membrane blebbing (6, 7) . Induction of apoptosis by chemotherapeutic drugs is a key way to kill cancer cells.
Autophagy (self-eating) is a mechanism resulting in lysosomal degradation of cytoplasmic constituents. During autophagy, portions of the cytoplasm are first sequestered by double-membrane vesicles called autophagosomes and degraded after fusion with lysosomes for subsequent recycling (8) . The role of autophagy is a double-edged sword. Proper autophagy provides a survival function but excessive autophagy might result in autophagic cell death (9, 10).
Accumulating evidences have described the complex interplay between apoptosis and autophagy. In some systems, the induction of autophagy can enhance apoptotic cell death. However, specific removal of the damaged mitochondria by autophagy can help to prevent the release of apoptotic factors such as cytochrome c from the mitochondria and activation of the apoptotic cascade, which will reduce the apoptotic response to stimulation (11, 12) .
Hirsutanol A is a novel sesquiterpene compound purified from the marine fungus Chondrostereum sp in the coral Sarcophyton tortuosum (13) . Our previous studies have shown that hirsutanol A exerted potent cytotoxic effect on many kinds of human cancer cell lines and induced autophagical cell death via increasing the ROS level (14, 15) . However, in the present study, we examined the molecular mechanism of hirsutanol A implicated in anticancer activity in the MCF-7 cells and found that hirsutanol A could induce apoptosis and autophagy via accumulation of ROS and blockade of autophagy could contribute to hirsutanol A-induced apoptosis.
Materials and Methods

Drugs and reagents
Fetal bovine serum was purchased from Gibco ® (New York, NY, USA). 3-(4,5-dime-thylthiazol-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT), CM-H2DCF-DA, DMSO, and N-acetyl-L-cysteine (NAC) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against LC3 were from Novus Biologicals, Inc. (Littleton, CO, USA). Chemiluminescence reagents were acquired from Cell Signaling Technology (Danvers, MA, USA). Antibodies against GAPDH and anti-mouse IgG-horseradish peroxidase and anti-rabbit IgG-horseradish peroxidase were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cell lysis buffer was from Upstate Biotech Co. (New York, NY, USA). Hirsutanol A, a sesquiterpene compound isolated from fungus Chondrostereum sp in Sarcophyton tortuosum in Dr. Hou-Jin Li's lab, was initially dissolved in 100% DMSO at 100 nmol/L and stored at −20°C. Its structure is shown in Fig. 1 .
Cell lines and cell culture
Human breast cancer cell line MCF-7 prepared by our lab was cultured in DMEM (Gibco ® ) supplemented with 10% heat-inactivated fetal bovine serum, penicillin (50 U/mL), and streptomycin (50 μg/mL) at 37°C in 5% CO 2 . All experiments were carried out with cells in the logarithmic growth phase.
MTT assay
MCF-7 cells were seeded in 96-well plates at the density of 8,000 cells per well in 195 μL DMEM and cultivated at 37°C in 5% CO 2 overnight. Cells were either pre-incubated with 1 mmol/L antioxidant NAC or 1 nmol/L autophagic inhibitor bafilomycin A1 for 1 h and then cultivated for 72 h at 37°C or they were treated with 5 μL different concentrations of hirsutanol A for indicated times. A 10-μL aliquot of 5 mg/mL MTT was then added into each well and the plates were incubated at 37°C in 5% CO 2 for 4 h. After complete removal of the medium, 100 μL of DMSO was added into each well to dissolve the insoluble purple formazan product. Absorbance values of the resultant purple solution were obtained with a test wavelength of 570 nm and a reference wavelength of 650 nm. The rates of cell growth inhibition were calculated. The 50% inhibitory rates (%) were calculated by the Bliss method. Inhibitory rate = (1 − the average OD value of the treatment group / the average OD value of the control group) × 100% (16) .
Annexin V / propidium iodide double-staining assay
Annexin V -fluorescein isothiocyanate / propidium iodide staining was performed using the Annexin Vfluorescein isothiocyanate apoptosis detection kit. Cells (3.0 × 10 5 per mL) were seeded into six-well plates with 2 mL in each well and then treated with different concentrations of hirsutanol A for 72 h or pre-treated with 1 mmol/L NAC followed by treatment with 30 μmol/L hirsutanol A for 72 h. Both floated and attached cells were collected, washed with ice-cold PBS twice, and then incubated at room temperature in the presence of media binding reagent and Annexin V-FITC (Invitrogen, New York, NY, USA) for 15 min in the dark. After washing with PBS, the cells were re-suspended in icecold 1 × binding buffer and treated with 10 μL propidium iodide (30 μg/mL) on ice in the dark. Apoptosis was quantified by flow cytometry (Becton Dickinson, Oxford, UK) at the wavelength of 488 nm immediately and analyzed by the Cell-Quest software (17) .
Flow cytometry assay
Cells were diluted to 3.0 × 10 5 per mL and seeded into six-well plates with 2 mL in each well. Cells were treated either with hirsutanol A for the indicated times or with various concentrations of hirsutanol A for 24 h or they were pre-incubated with 1 mmol/L NAC followed by 
Immunoblotting analysis
Cells were seeded into six-well plates, treated with hirsutanol A for the indicated times, or pre-incubated with NAC for 1 h followed by treatment with hirsutanol A for 24 h. Cells were harvested and washed twice with PBS and lysed in lysis buffer. The cell lysates were centrifuged at 12,000 × g for 10 min at 4°C and the concentrations of protein were determined with the BioRad protein assay (Hercules, CA, USA). SDS-PAGE sample buffer was added to the cell lysates. Then the cell lysates were heated at 100°C for 5 min, and cell lysate containing 20 -40 μg protein was loaded in each well of 8% and 15% SDS-PAGE gels. Resolved proteins were electrophoretically transferred to a PVDF membrane and incubated sequentially with primary antibodies and horseradish peroxidase-conjugated secondary antibodies. After washing, the protein complex was detected using an ECL chemiluminescence reagent and XAR film (Kodak, New York, NY, USA) as described by the manufacturer (19, 20) .
siRNA transfection
The target sequence for Atg7-specific siRNA was 5′-CAGUGGAUCUAAAU CUCAAACUGAUTT-3′ and control siRNA (no silencing) was synthesized by GenChem Co. (Yeong Kang City, Taiwan) (21) . One day before transfection, cells were plated in six-well plates with antibiotic-free growth medium at a density of 1.5 × 10 5 cells per well. When cells grew to a confluency of 30% -50% on the second day, transfection was performed by using Opti-MEM media (Gibco ® ), lipofectamine 2000 (Invitrogen), and Atg7 siRNA according to manufacturer's recommendations. After 6 h, the media was replaced with antibiotic-free growth medium and cells were treated with 20 μmol/L hirsutanol A for 3 h. Cells transfected with lipofectamine were used as the control (22) .
Statistical analysis
Data were analyzed by Student's t-test with SPSS 11.0 analysis software, and results were considered to be significant at P < 0.05. Results are presented as the mean and standard deviation (± S.D.).
Results
Hirsutanol A exhibited potent cytotoxicity against MCF-7 cells
The MTT assay measures the activity of mitochondrial dehydrogenase enzymes based on its ability to cleave the terazolium ring to produce formazan (23) . The cytotoxic effect of hirsutanol A on MCF-7 cells was evaluated by MTT assay. Hirsutanol A inhibited cell proliferation in a dose-and time-dependent manner. The half-maximal inhibitory concentrations (IC 50 ) were 10.69, 18.36, and 33.51 μmol/L for MCF-7 cells after treatment with hirsutanol A for 72, 48, and 24 h, respectively (Fig. 2) .
Hirsutanol A increased the production of intrinsic ROS
ROS mainly include superoxide anion radical O 2 · − and hydrogen peroxide H 2 O 2 . Our previous studies had confirmed that hirsutanol A could induce autophagical cell death by causing an accumulation of ROS in human hepatocellular carcinoma cells. DHE and CM-H2DCF-DA could be used as fluorescent probes to detect the level of O 2 · − and H 2 O 2 . In the present study, with flow cytometry analysis, we measured the effects of hirsutanol A on cellular superoxide and hydrogen peroxide level in human breast cancer MCF-7 cells stained with DHE and CM-H2DCF-DA (24, 25) . The results showed that there was no significant change in DHE fluorescence after treatment with hirsutanol A for 3h but markedly increased in CM-H2DCF-DA fluorescence in a dose-dependent fashion (Fig. 3: A, B) , which suggested that the ROS induced by hirsutanol A were mainly hydrogen peroxide but not superoxide.
Hirsutanol A induced apoptosis and autophagy in MCF-7 cells
Translocation of phosphatidyl serine to the cell surface is an indicator of early cell apoptosis (26) . Annexin V - fluorescein isothiocyanate / propidium idodide staining assay was employed to monitor the apoptotic cells. The percentages of Annexin V-positive MCF-7 cells were 2.3%, 10.0%, 20.8%, and 31.3% after treatment with 0, 7.5, 15, and 30 μmol/L of hirsutanol A for 72 h, respectively. These data indicated that hirsutanol A could induce apoptosis in a dose-dependent manner (Fig. 4A) .
The amount of PE-conjugated form of LC3 (LC3-II) correlates with the number of autophagosomes and the conversion of LC3-I to LC3-II can be used as a autophagy marker (27, 28) . Thereby, the conversion of LC3-I to LC3-II was measured by western blot analysis. LC3-I to LC3-II conversion was markedly increased in a dose-and time-dependent manner after treatment with hirsutanol A, indicating induction of autophagy (Fig. 4B) .
Hirsutanol A induced apoptosis and autophagy via accumulation of ROS
Accumulating evidences demonstrated that ROS serving as a second messenger can modulate the associated signaling pathways to induce apoptosis and autophagy (29, 30) . In the present study, we found that hirsutanol A could elevate ROS level and induce apoptosis and autophagy. Therefore, we further elucidated whether the induction of apoptosis and autophagy was triggered by excessive ROS. NAC, a potent antioxidant agent, was used to reverse the effect of enhanced ROS production induced by hirsutanol A (31) (Fig. 5A) . The hirsutanol Ainduced ROS accumulation was prevented by pre-incubation with NAC for 1 h. Hirsutanol A-induced cell growth inhibition and apoptosis were significantly inhibited in the presence of NAC (Fig. 5: B, C) . In addition, inhibition of hirsutanol A-induced ROS accumulation could prevent the conversion of LC3-I to LC3-II (Fig.  5D ). These data indicated that hirsutanol A-induced apoptosis and autophagy was triggered by accumulation of ROS.
Blockade of autophagy promoted cell growth inhibition and apoptosis induced by hirsutanol A
Hirsutanol A could induce apoptosis and autophagy, which prompted us to further dissect the contribution of autophagy to hirsutanol A-induced apoptosis. Bafilomycin A1 or Atg7-siRNA was used to block autophagy induced by hirsutanol A in MCF-7 cells. Then the cell growth inhibition and apoptosis induced by hirsutanol A were detected (32, 33) . The results showed that blocking autophagy remarkably increased the cell growth inhibition and apoptosis induced by hirsutanol A (Fig. 6 ).
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Discussion
Therapeutic selectivity is an important issue in cancer treatment. An ideal anticancer agent should be toxic to malignant cells with minimum toxicity in normal cells (33) . However, multiple genetic and epigenetic alterations would cause drug resistance in cancer cells, which is a serious challenge for gene-targeted drugs (34) . Thus, searching for an attractive target for novel selective anticancer drugs is an important and challenging task. Recently, many researchers have focused on the biological differences between normal and cancer cells and they believed that manipulating these differences is essential in designing novel selective anticancer drugs (35) . Numerous evidences suggested that most cancer cells were under oxidative stress due to the increased production of intrinsic ROS (36) . High ROS level and duration of ROS stress made cancer cells up-regulate redox enzyme to adapt this abnormal situation. So, the redox system was viewed as an attractive target for selective cancer therapy and a ROS inducer has become a potential anticancer drug for targeting primarily cancer cells (37) .
Our previous studies showed that hirsutanol A exerted potent cytotoxic effects on many kinds of human cancer cells. In addition, we also confirmed that hirsutanol A could induce autophagical cell death by causing accumulation of ROS in human hepatocellular carcinoma cells. Some evidences supported that as a potent oxidant agent, ROS could damage mitochondrial membrane, which results in mitochondrial membrane potential disorder and release of cytochrome c from mitochondria that can activate caspase-3-triggering mitochondria / cytochrome cmediated apoptosis (38, 39) . Thus, we suggested that hirsutanol A-induced apoptosis was associated with the increased level of ROS. The results showed that apoptotic cells were up to 31.3% after treatment with hirsutanol A for 72 h, but only 6.2% when MCF-7 cells were preincubated with NAC for 1 h to reverse the effect of enhanced ROS production induced by hirsutanol A, suggesting that hirsutanol A could serve as a ROS inducer to trigger apoptosis via accumulation of ROS.
ROS can also function as a molecular signal to mediate the initiation of autophagy. Thereby, we detected the autophagy and further explored the role of hirsutanol Ainduced excessive ROS in induction of autophagy. The western blot analysis for measuring the conversion of LC3-I to LC3-II, which is an autophagy marker, indicated that hirsutanol A could significantly induce the conversion of LC3-I to LC3-II, while pre-treatment with NAC could reverse this conversion induced by hirsutanol A. The interaction between autophagy and apoptosis still remained to be elucidated. It has been reported that damage to the lysosomal compartment could activate apoptosis, while others observed that sequestration of mitochondria in autophagic vacuoles could protect cells against apoptosis (40, 41) . Here, we explored the function of autophagy on the hirsutanol A-induced apoptosis. The results showed that blocking autophagy by bafilomycin A1 or Atg7-siRNA significantly enhanced the apoptosis induced by hirsutanol A.
In summary, hirsutanol A is a ROS inducer that exhibits anticancer effects and induces apoptosis and autophagy via accumulation of ROS. Hirsutanol A-induced autophagy provides a survival function to protect MCF-7 cancer cells from apoptosis. These evidences imply that treatment with hirsutanol A in combination with inhibitors of autophagy may exhibit a synergistic effect. In addition, the characteristics of the specific antitumor mechanism and natural occurrence of hirsutanol A provides some advantages as an anticancer agent. Our results also revealed that hirsutanol A may be a promising lead compound and deserves further investigation as a potential anticancer agent.
